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Abstract

Venturi tubes serve as critical components in various engineering fields. This work focused on investigating the pressure
distribution and velocity magnitude from inlet to outlet of the venturi tube, as well as the determination of its performance in
terms of coefficient of discharge (Cy) using the computational fluid dynamics (CFD) tool Ansys Fluent and experimental
tests. The study was conducted in different water fluid actual mass flow rates from 0.1662 to 1.0272 kg/sec. The results show
that increasing the inlet flow rate yields an increase in pressure drop, velocity magnitude, and a minor rise in the coefficient of
discharge. The study also focused on the inlet/out and throat diameter ratio from 0.207 to 0.586, and the coefficient of
discharge increased from 0.11 to 0.96, respectively. The performance is higher in the lowest diameter ratio. On the other hand,
the flow separation gradually developed in the divergent section when the diameter ratio decreased. There was a small
variation between the CFD results and the experimental test results. The Cy was the main performance evaluation of the
venturi tube and have 1.95% and 8.01% a maximum difference between the numerical simulation and experimental study
results at various inlet flow rates, respectively. Similarly, the coefficient of discharge result difference between the numerical
simulation and experimental test is 1.12%.
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1. Introduction

Fluids are substances that flow readily due to large inter-
molecular gaps and do not have a defined structure. Gases and
liquids belong to the category of fluids. Fluid flow is the
motion of fluid subjected to various unbalanced forces. It is
primarily a branch of fluid mechanics and is concerned with
the dynamics of the fluid. The fluid’s motion will continue
until new unbalanced forces are added to it. Venturi nozzles
employ a fast-moving fluid stream to entrain practically qui-
escent suction fluids. The venturi tube is a throttle device. It is
used as a measure of the fluid flow through a pipe. The con-

struction of the tube cross-section is split into three different
areas. The inlet corresponds to a nozzle, followed by a straight
section (throttle) and finally a diffuser or divergent section
with a defined extension angle.

The venturi tubes are popular in gas, wet gas, and liquid
measurement applications and studies are being conducted
to better understand their behavior and maximize their ben-
efits. Some of the applications of the area are flow controller
and flow meter [1-5], industrial application [6, 7], pressure
regulator [8], energy improvement [9], smoking exhaust
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performance improvement in tunnel fires [10], carburetor
[11], Natural ventilation for buildings [12], and water
treatment [13]. The venturi tube is used in an industrial plant
for many applications. Venturi tubes have the following
characteristics: no obstruction to the flow down the pipe,
made to fit any needed pipe size, temperature, and pressure;
within the pipe does not affect the meter's accuracy, no
moving components, and the exact shape required makes
them quite expensive to manufacture [14]. Generally, the
venturi tubes are made up of three parts: a convergent por-
tion (nozzle), a constant section (throat), and a progressive
expansion or diffuser [15]. As a result, fluid flow properties
vary in various sections of the venturi tube. Such as the
obstruction to the flow of fluid at the throat of the venturi
meter tube causes a local pressure decrease in the region that
is proportionate to the rate of discharge. Bernoulli’s equation
is used to compute the fluid flow rate through pipes. There
are many factors that influence the flow conditions inside the
venturi tubes, such as venturi geometry [16, 17], area [18],
convergent angles [19], divergence angles [20], and others.
In general, the structure of the venturi tube affects the fluid
flow [21]. On the other hand, venturi tube performance and
flow dynamics depend on the ratio of the venturi tube di-
ameters and fluid flow rates. As a result, calibration tests are
required for flow analysis to ensure their accuracy by de-
termining the venturi’s discharge coefficient. However,
building a venturi tube experimentally can be expensive and
time-consuming. Hence, the numerical method is preferred.
Fortunately, a flow measurement apparatus with the venturi
tubes installation is available in our laboratory.

Therefore, the purpose of this study is to explore the per-
formance and flow profile inside the venturi tube numerically
and verify it with experimental methods. This means that the
numerical analysis results are compared with the experimental
tests.

2. Materials and Methods

2.1. Numerical Methods

2.1.1. Geometrical Model and Study Parameters

The venturi tube dimensions are produced based on those
available in the laboratory. Figure 1 demonstrates the venturi
tube cross-section and the manometer tube installed on the
laboratory test bench system. It has inlet, throat, and outlet
sections in addition to the convergent-divergent cross-sections.

Outlet
Figure 1. Installed venturi tube configuration on the test bench.

Inlet

The pressure head is the height at which a liquid exerts
pressure on a surface area. Pressure measurement devices
measure pressure differences from atmospheric pressure. The
water manometer connects to the venturi tube’s input and
throat. The water supply is turned on. Water flows into the
collecting tank through the Venturimeter. The venturi tube
comprises manometers at sections 1 and 2, which then indi-
cate the difference in water level, as shown in Figure 1. The
two manometers have a pressure head difference Ah.

sl FlOW 0

0,

(b)

Figure 2. Geometrical model of the venturi tube and its dimension.
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Therefore, this venturi meter model was created with
ANSYS Design Modeler. Figure 2 shows the inside part of the
venturi tube. Figure 2(a) illustrates the 3D configuration of the
venturi tube installed on the experimental test bench. It has an
inlet, outlet, throat, and convergent-divergent sections.
However, the numerical analysis was done using 3D geome-
try. The geometrical model represents the inner or fluid re-
gions of the venturi meter. In addition, the walls are stationary

and no slip.

The geometry is discretized in to small parts with meshing
process. Then, the simulation is performed in FLUENT solver
applying the governing equations and Simple pres-
sure-velocity coupling. The stages include defining the model,
material, cell zone, boundary conditions, solving, iterating,
and analyzing the results. Table 1 shows the water fluid
properties at 25<C.

Table 1. Material properties [22].

Water properties at 25<C temperature

Density, p
Dynamics viscosity, |L
Kinematic viscosity, v

Specific heat, Cp

Value Units
997 kg/m?®
890x%10-6 kg/(m.s)
8.927x10-7 m2/s
4182 Jkg.K

The geometrical dimensions of the venturi tube and flow velocity parameter matrix used in the study are as shown in Table 2.

Table 2. Study parameter matrix.

Diameters (mm) Lengths (mm)

No.

D, D, Ly L,
1 29 17 25 32.92
2 29 6-17 25 32.92
3 20-29 17 25 32.92

Variations in dimensions D; and D, affect the convergent
and divergent section angles 6; and 6,. This means the two
angles vary when D, is constant and D, varies from 6 to
17mm. On the other hand, when D, is constant and D; varies
from 20 to 29mm, the two angles are increased.

2.1.2. Governing Equations and Boundary
Conditions

When the flow is very slow, the fluid particles move par-
allel to the surface wall in the same direction as the flow.
Particles in the center of the geometry move faster than mol-
ecules near the wall. The venturi device is used to determine
the flow rate by volume of a fluid using the venturi effect,
which is the reduction of fluid pressure that results when fluid
flows through a constricted section of pipe [20, 23].

This phenomenon results from applying Bernoulli's equa-
tion to an incompressible fluid flow through a conduit surface

Flow rates (kg/s)

Ls Ly Ls

20 49.23 25 0.1662 — 1.0272
20 49.23 25 0.5276

20 49.23 25 0.5276
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with varying cross-sectional area. The following equation (1)
is the Bernoulli’s equation between portions 1 and 2:

vi

Py
2g

pg

tUyz =24y g )
17 pg ' 2g ' 72
However, z is the elevation of the two cross-section points.
Since the venturi device is installed horizontally and it is
approximately constant. This means the static head Z,=Z,.
Then, the Bernoulli’s equation (1) becomes:
v

—= = constant
2g

Py
Pg

vi_ P
i_Fh 2
+ 2g pPg + ( )

Where, P/pg is the pressure head, and v2/2g is the ve-
locity head. The equations that are solved include continuity
or conservation of mass and the Navier-Stokes equations. The
study follows a steady-state technique.
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Applying the conservation of mass or continuity equation
through sections 1 and 2:

V = V1A1 = V2A2

_ Agvp
Svi=Tr

©)

Then, combining of equations (2) and (3) above is the the-
oretical volumetric flow rate (V)

2(P1—P3)

o(1-(22)) @

Where, P, — P, = AP. Finally, the theoretical mass flow
rate is the multiplication of the theoretical volumetric flow

rate and density of the flowing fluid i.e. Mepeoreticar = V X p-

Equation (5) below is then used to calculate the venturi meter
coefficient of discharge (C,,) by comparing the theoretical and
actual flow rate findings.

Mactyal

Cv_

- Mtheoretical (5)

Where, myeoreticar 1S the mass flow rate resulted from the
numerical calculation using equation (4), m,..q IS the actual
inlet mass flow rate to the venturi meter. The flow turbulence
and laminar nature is evaluated with the dimensionless value
Reynold number, i.e. Re; = 4m/ndu. Where, piis the dy-
namic viscosity, d is the diameter of the venturi tube section.

In general, computational fluid dynamics studies in a ven-
turi tube, a viscous incompressible and in steady state fluid
flow is controlled by a three-dimensional system of equations
known as the Navier-Stokes equations, which includes mo-
mentum and continuity equations. The steady state and ab-
solute velocity formulations were also chosen. Equation (6) is
the continuity equation, whereas equations (7) to (9) are
momentum equations along the x, y, and z-axes, respectively.

du av ow

ox oy £=0 (6)
Qu gy o ou 10P
6t+u6x+vay+waz_ pax+v|7u )

av av av av 10P 2

T uZtvErwE = 2 yviy

ot + 0x + ay + 0z ady + (8)
ow ow ow ow 1 0P 2
- — tV— —=—-——-—+4+vV'w
at + 0x + ady + 0z p ow + (9)

Where, p is the total pressure, p is the density, t is the time,
u, v, and w are the velocities in x, y, and z directions, respec-
tively.

A Pressure-based solver was chosen. In this method, the
pressure field is obtained by solving a pressure equation from
the continuity and momentum equations. Additionally, ab-
solute velocity and steady-state formulations were chosen.
The «-¢ turbulence model, based on the eddy viscosity hy-
pothesis, was used to represent a viscous incompressible flow
with turbulence intensity.

The water velocity at the entry of the venturi tube is de-
termined using the actual mass flow rate and the pressure inlet
boundary condition. The venturi tube is considered a solid
surface with stationary walls and a no-slip shear boundary
condition. The pressure inlet and outflow are also applied to
the venturi water inlet and exit boundaries, respectively. The
pressure values at the pressure inlet and outflow boundaries
are set to the atmospheric value and zero Pascal, respectively.

2.1.3. Mesh Independent Test

The mesh independence test needs to be performed in the
simulation to determine the optimal mesh grid quality. An
optimum mesh minimizes calculation time while maintaining
result accuracy. Figure 3 shows the discretization of the
venturi tube. Multiple discretization meshes are done in order
to reduce computational time and ensure adequate accuracy of
the results, as shown in Table 3. The mesh grid is done in
different number of element sizes from 0.5 to 6.0mm.

Figure 3. Geometrical mesh.

Table 3. Grid independence test.

Element size inmm  Average element quality

0.5 0.80544 1.8396
1.0 0.73985 2.1124
15 0.75612 2.2007

Average aspect ratio
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Average orthogonal quality AP Cy

0.9891 262.21 0.98
0.98639 260.72 0.96
0.9845 259.10 0.96


http://www.sciencepg.com/journal/ajmie

American Journal of Mechanical and Industrial Engineering

http://www.sciencepg.com/journal/ajmie

Element size inmm  Average element quality

2.0 0.7537 2.3278
2.5 0.61921 2.7542
3.0 0.69925 2.4388
3.5 0.65248 2.6126
4.0 0.7899 2.0548
4.5 0.71501 2.3722
5.0 0.78229 2.1041
55 0.77081 2.2066
6.0 0.75829 2.1242

All meshes show no significant difference in pressure
change and coefficient of discharge. The maximum number of
elements is 1324600 with a small element size of 0.5mm.
Similarly, the number of element becomes smaller when the
element size increase to 6.0mm. However, in all cases, the
value of AP and Cy are smaller differences. Therefore, ele-

Average aspect ratio

Average orthogonal quality AP Cy

0.97564 256.18 0.97
0.98283 256.30 0.96
0.97392 256.34 0.96
0.97775 256.95 0.96
0.97305 257.71 0.96
0.95772 258.90 0.95
0.96454 258.31 0.95
0.9644 257.29 0.96
0.95655 258.33 0.95

ment size 1.5mm has been chosen for all cases simulations for
computational economics advantage. On the other hand, the
convergence of residues indicates good quality. Figure 4
shows the convergence of the 1.5mm grid element size up to
1000 iterations. The iterative convergences of all residues
dropped below 10™ in 1000 iterations.

10406 — Residuals
continuity
1e+04 — )
3 x-velocity
1e+02 — y-velocity
2] T )
© z-velocity
S 1e+00
© 1 e
m -
U 1e02 E epsilon
1e-04
1e-06 =
1e-08 r T . r T . T T ‘ )
0 100 200 300 400 500 800 700 800 900 1000
Iterations

Figure 4. Convergence test for 65145 elements.

2.2. Experimental Methods

The available experiment setup components are connected
in series, and all save the measuring tank are mounted on a
waterproof panel, as shown in Figure 5. The main components
of system are measuring tank, water meter, flow control valve,
manometer, venturi meter and other flow measuring devices,
as displayed in Figure 4. However, this study focused on only
venturi meter flow measuring device. A stopwatch and a
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water meter reading are used to determine the flow rate. As
result, the actual flow rate through the venturi meter was
determined by timing the volume flow rate with a stopwatch.
On the other hand, its pressure drop also determines the the-
oretical flow rate through the venturi meter. Therefore, ma-
nometer is used to monitor pressure drops with differential
pressure. Pressure tapping is enabled with small ball valves
with rapid connection. Water tanks are located on the back-
side of the panel. The water flow regulated with a flow control
valve component.
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Orifice meter

Measuring tank——

Pitot tube

Water meter -

Pressurizing valve for hand air pump

Vent valve

Manometer

Rotameter

Flow control valve
(normally open)

Earth leakage circuit breaker (ELCB)and

power circuit breaker (CB)

Flow control valve

Figure 5. Experimental setup (test bench).

The experimental test process involved filling the storage
tank with water and inspecting all pressure line connections to
the venturi meter. The flow and pressure control valves were
then opened, and the flow rate was adjusted to a high enough
level to remove air bubbles from the system.

The manometer and rotameter readings, volume, and time
are recorded to determine the ideal and actual flow rates.
Finally, the experimental venturi meter coefficient of dis-
charge result is important to validate the numerical result.

3. Result and Discussion

Flow

N\

*Ij)p/
Qoe

.

Figure 6. Position of plane to show the pressure and velocity results.

The numerical simulations and experimental tests of water
flow through the venturi meter are considered at various flow
rates. In the numerical simulations, the flow direction is from
left to right, as shown in Figure 6. The study was focused on
simulating the flow and evaluating the differential pressure
drops and velocities in various inlet mass flow rates, and
validating it with experimental tests. The pressure and veloc-
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ity contours, as well as other plots, are obtained on the venturi
meter XY plane when Z = 0. The axis of origin O (0, 0, 0) is
taken as the flow inlet venturi tube base center. The numerical
simulation result was displayed and plotted on this plane to
investigate the flow conditions inside the venturi meter. Fur-
thermore, the venturi tube performance in terms of the coef-
ficient of discharge has been determined on the chosen XY
plane.

The pressure contours are used to plot pressure distribution
along the venturi meter. The distribution of each type of
pressure (total, static, and dynamic) varies across the venturi
meter's cross section. Figure 7(a) to (c) demonstrates the
pressures distributions across the venturi tube. The total
pressure is the sum of the static and dynamic pressure. This is
related to the pressure and velocity of a flowing fluid as it
passes over a smaller cross-sectional area. This phenomenon
is described by the Venturi effect, which asserts that as a
fluid's velocity increases, the pressure decreases due to the
principle of mechanical energy conservation.

The static pressure distribution across the venturi tube show
that decreases from the inlet to outlet portions. However, it is
lower than at the throat portion than other portions due to its
smallest portion of the venturi tube than other portions, as
shown in Figure 7(a). As a result, the decrease in static pres-
sure can easily be seen in the increase in flow velocity in the
throat venturi tube portion. Therefore, the throat portion of the
venturi tube has a higher dynamic pressure than the inlet
portions. However, it gradually decreases along the outlet
portion of the venturi tube when the venturi tube area in-
creases, as shown in Figure 7(b). On the other hand, the
venturi tube has highest velocity magnitude compared to inlet
and outlet portions, as shown in Figure 7(d). The velocity
magnitude and dynamic pressure follow a similar profile
across the venturi tube. While there is no uniform profile in
relation to static pressure.
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Figure 7. Pressure and velocity contours.

A velocity field is a description of fluid movement inside a  vectors at each point in the region or on the surface. The direc-
given region or across a surface. It is defined by the velocity  tion of the velocity vector-field determines the fluid flow di-

122


http://www.sciencepg.com/journal/ajmie

American Journal of Mechanical and Industrial Engineering http://www.sciencepg.com/journal/ajmie

rection. The velocity of the fluid increased as it passed through the venturi tube has a smaller area than the other portions, it
the reduced area portions. Therefore, since the throat portion of ~ creates the highest velocity field, as shown in Figure 8 below.

Velocity Magnitude
0.774

0.696
0.619
0542
0.464
0.387
0.31

0.232
0.155
0.0778
0.000453 1 °

[mm/s ] {E}"‘X

Figure 8. Velocity vectors.

— Total pressure
3004 Static pressure 0.8 4
[— Dynam 1c PI'CSS'IIIC
200 - Z 074
E]
= 3
& 1004 T 064
o =
3 &
z z 054
g od = 03
£
2 04
-100 2
0.3 4
2004 (a) (b)
T T T T T T T T 0.2 T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 20 40 60 8 100 120 140 160
X (mm) X (mm)
Figure 9. Velocity and pressure plots; (a) pressure, (b) velocity magnitude.
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Figure 10. Velocity and Pressure comparison at z =y = 0 and different inlet flow rates.
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Figure 9 shows velocity and pressure plots along the length
and in the center of the venturi tube. It demonstrates that the
velocity vector magnitude is the highest in the throat region
compared to other venturi tube portions. Dynamic pressure
has a similar profile to velocity vectors; however, static
pressure is stronger around the venturi tube entrance portions
than elsewhere.

The venturi tube pressure distribution and velocity magni-
tude are proportional to the inlet mass flow rate or velocity of
the flowing water. Figure 10 shows the effect of the inlet mass
flow rates of the flowing water across the venturi meter tube.
The total pressure, which is the sum of static and dynamic
pressure, is maximum for 1.0272kg/s due to its velocity is
higher than that of other lower inlet mass flow rates. The
velocity magnitude increased in each portion of the venturi
meter tube. Similarly, the pressure distribution increased
when the inlet mass flow rate increased.

With the same flow rate and other parameters, the maxi-

Velocity Magnitude
19.9

17.9
15.9
13.9
1.9
9.93
7.95
5.96
3.97
1.99
0

(a)

t e
()=

[mm/s ]

Velocit'y Magnitude
41

e
(8=

[mm/s ]

mum dynamic pressure occurred when the throat diameter,
convergent, and divergent angles are higher, as shown in
Figure 11. The flow adheres to Bernoulli's principles; how-
ever, a flow condition in flow direction change or flow rota-
tion occurs in the divergent sections within the smallest throat
dimensions compared to the biggest dimensions. The recir-
culation of flow during the transitions from throat (small area)
to divergent section (large area) venturi tubes happened by the
sudden expansion, resulting in a significant static pressure rise.
This separation of the fluid flow from the tube walls creates a
region of stagnant or backward-flowing fluid near the edges
due to the fluid's inability to smoothly follow the expanding
geometry, as shown in Figures 11(a) and (b). This phenom-
enon decreased as the throat diameter increased while the inlet
and outlet diameters remained constant, as illustrated in Fig-
ures 11(c) and (d). This indicates that the throat and divergent
dimensions have a great contribution for turbulence or flow
back in the venturi tube.

Velocify Magnitude
87

77 (b)

6.8

58

48

39

29

1.9
t e

0.97 @’

0

mm/s |
Velocty Magntude

24

21 (d)

17

14

1

069

034 {g} °
-

0

[mmVs ]

Figure 11. Velocity contours at different throat diameters; (a) 6mm, (b) 9mm, (c) 13mm, and (d) 17mm.

The convergent and divergent angles changed simultane-
ously as the throat diameter varied. Figure 12 shows velocity
plots at various diameter ratios R, where R = D,/D,. The
smallest diameter ratio R produces a high velocity in the
throat region. In other words, a high flow separation occurred
in the divergent section for a small diameter ratio.

The velocity plot and contours demonstrated that the
streamline flow circulation at the beginning of the divergent
section occurs when the throat diameter is much less than the
inlet and outlet diameters of the venturi tube. The recircula-
tion happens because of a sudden decrease in velocity and an
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increase in static pressure as the fluid near the boundary sep-
arates from the main flow and creates vortex motion in the
enlarged region.

The discharge coefficient (Cy) of the venturi tube was also
evaluated using 0.5276 kg/s inlet flow rate and with diameter
ratios 0.207, 0.310, 0.448, and 0.586, and resulting the Cy,
values are 0.11, 0.11, 0.54, and 0.96, respectively.

The recording pressure measurements at both the upstream
and throat sections of the venturi tube calculates the differen-
tial pressure for flow computation. Table 4 demonstrates that
the venturi meter discharge coefficient (Cy) is calculated
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based on the differential pressure and mass flow rate recorded.
However, in all cases the difference between the CFD and
experimental result is very small. When fluid flow accelerates

to a high speed or flow rate, cavitation occurs [24]. Therefore,
the water flow rate in this investigation is very low.

Table 4. CFD and experimental Cy results comparison.

- Ah (m) Mpeor (KY/S)
(kgfs) CFD result Experimental result ~ CFD result
0.1662 0.0266 0.021 0.1740
0.2172 0.0448 0.035 0.2260
0.2635 0.0657 0.053 0.2737
0.3632 0.1239 0.089 0.3757
0.4364 0.1772 0.133 0.4494
0.5276  0.2583 0.198 0.5425
0.6158  0.3517 0.266 0.6330
0.7353  0.4984 0.382 0.7536
0.8448  0.6611 0.50 0.8678
0.9455  0.8164 0.629 0.9645
1.0272 0.9652 0.747 1.0487

Velocity Magnitude (mm/s)

0 20 40 60 80
X{(mm)

100 120 140 160

Figure 12. Velocity comparisons at different throat diameters.

Where, m, is the actual mass flow rate applied to the
experimental test and numerical simulation, Ah is the pressure
head difference, my,.o, IS the theoretical or ideal mass flow
rate, and Cy, is the venturi meter discharge coefficient. The
rate of fluid flow is referred to as discharge. The discharge is
the total amount of fluid per unit time that travels through a

CcVv
Experimental result CFD result  Experimental result
0.1812 0.96 0.92
0.2394 0.96 0.91
0.2896 0.96 0.91
0.3726 0.97 0.98
0.4448 0.97 0.98
0.5467 0.97 0.97
0.6336 0.97 0.97
0.7488 0.98 0.98
0.8673 0.97 0.97
0.9589 0.98 0.97
1.046 0.98 0.98

specific cross-section. The results showed that the coefficient
of discharge between the CFD and the experiment results is
very close to each other. In general, the coefficient of dis-
charge for a venturi tube has usually been estimated to be
between 0.92 and 0.99 [25]. However, the Cy is 0.91 in some
flow rates due to the greater theoretical mass flow rates rec-
orded and measurement uncertainty. On the other hand, the
Cy value is similar to Tukimin et al. [26] work on the venturi
tube flow and its discharge coefficient. Therefore, numerical
and experimental test findings provide good confirmation for
one another.

4. Conclusion

Compared to experimental results, numerical simulations
of water flow in the venturi tube produce quantitatively sat-
isfactory results for a variety of operating regimes (i.e., dif-
ferent water flow rates). The numerical simulation and ex-
perimental results were found to be consistent through various
inlet mass flow rates. The velocity and pressure distributions
were examined using different plots and graphs. The CFD
simulations of the coefficient of discharge for different inlet
mass flow rates are from 0.96 to 0.98, and with experimental
methods, their values range from 0.91 to 0.98. CFD simula-
tion results show the discharge coefficients that are very near
each other. Similarly, the coefficient of discharge (Cy) results
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difference between the numerical simulation and experi-
mental test is 1.12%. All the analysis and results found con-
firm that the numerical simulation and experimental test re-
sults verified for the venturi tube's suitability for liquid water
flow applications.
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